The electrical energy consumption of battery-operated screwdrivers, which are widely used in many industries, e.g. automotive, heavy, chemical, etc., can be considerably reduced. This would allow increasing the service life of a battery and reducing the time of its charging, thus increasing the productivity and decreasing the prime cost of this battery. It is shown that up to 17.9% of electrical energy could be saved at assembling fixed threaded joints by removing power from the screwdriver immediately after reaching the required tightening torque.
INTRODUCTION
In the automated process of assembling threaded joints the electric screwdrivers (both main-and battery-operated) are widely used. As compared with hydraulic or pneumatic tools of the type, they have the following advantages: allow setting the exact value of the tightening torque and adjusting the rotational frequency of rotary head. Besides, the electric screwdrivers possess a low noise level, a relatively low weight, and are highly efficient and reliable. All this makes them suitable in many industries -automotive, heavy industry, chemical industry, and others. These tools can be considered universal owing to many replaceable nozzles and adapters produced in quantities. The main technical parameters of the electric screwdriver are: the power, the maximum RPM, and the maximum tightening torque. In order to limit the maximum tightening torque, the screwdriver is usually equipped with a regulator, which allows setting the tightening value. In turn, this prevents the material, threads or nozzles from damages. A batteryoperated screwdriver has the advantage that it can be used in the cases when electricity is not available. With a battery-operated screwdriver it is possible easily and quickly to unscrew nuts and bolts (even if they are rusty) as well as fix various kinds of wooden, metallic or plastic parts. Such screwdrivers (similarly to the main-operated) act on the momentum rotation principle. They are provided with a switch for changing the direction of rotation and the tightening torque. Despite all that, so far there are no relevant measurements or descriptions as to the electrical energy consumed by the trigger of a running screwdriver after the required tightening torque has been reached; also, no information is found about the amount of electrical energy that could be saved by stopping the electric motor immediately after reaching the required tightening torque [1] . At the same time, the relevant dependences can be determined theoretically if we know the electric motor's specifications and load characteristics as well as the characteristics of gearbox [2, 3] . So far, this has not been done since the calculations are complex and the electric motor's output data are not always available.
MATERIALS AND METHODS
In practical experiments, 40 mm standard bolts (M6 and M8, the threading pitch and nominal diameters in compliance with ISO DIN 13) were used for joining two 80x70x15 mm metallic plates. Based on the calculations with rounding-off the theoretically allowable values of tightening torque, we have obtained 7 Nm and 15 Nm for bolts M6 and M8, respectively; these tightening torque values are taken as the basis for making a fixed threaded joint assembly.
The experimental device shown in Fig. 1a consists of electric screwdriver 13 (Bosch GSR 14.4 VE-2) fixed on moving element 11 of stand 2, which is secured on 200x300x20 mm metallic plate 1. Vice 3 is fixed to stand 2 for securing metallic plates 4 where a bolt is inserted. The bolt is fixed by a spanner, which is supported against the vice. The Bosch screwdriver motor is operated by control unit 6. The screwdriver is moved in the vertical direction with handle 12. In the experiment, the 50 N dead load of moving element 11 presses the nut. The required sliding moment of the clutch (ratchet mechanism) is set with rotary switch 9. In the chosen measurement range of rotational speed we selected the rotor clutch values that correspond to the tightening torque set for bolts M6 and M8. At each rotational speed and tightening torque 20 measurements were made. The measurement parameters were tabulated -except the cases when the practically obtained fastening time (determined after unscrewing the nut of a bolt with a Tohnichi dynamometric wrench of the indicator type) differed more than 10% of its theoretically estimated value. On stand 2 (at a short distance from screwdriver rotary head 7) sensor 8 and microphone 10 were installed which transmit the signal in the form of electric pulses to the input of the computer's sound card. Later, the pulses are processed by Sony Sound Forge Audio Studio device 10. For power determination a USB oscilloscope (dual-channel PC oscillograph Picoscope 2205) was used.
A block diagram of the equipment is shown in Fig.1b . The equipment contains a pulse-width modulator (PWM) operated by a rotary switch, and a potentiometer. The PWM power supply is provided from the 220V network. The electric motor of screwdriver is operated from an accumulator battery where the operating voltage and power are PWM-controlled. Resistor R of 0.005Ω (meant for determination of the consumed current) is connected in the circuit between the accumulator battery and PWM, the voltage from which is fed to the second channel of Picoscope 2205. The voltage from the accumulator battery is fed to the first channel of the Picoscope 2205, which is connected to the computer via the USB port. In addition, inductive sensor 8 and microphone 10 are connected to the computer via the sound card. The control unit (its diagram is shown in Fig. 2) consists of three parts. The first part provides a quick pick-up of speed, up to the set rotational value. With a potentiometer SPEED and a manual tachometer ALLURIS the required RPMs of the rotary head are set (300, 700, 1500 min -1 ), while with a potentiometer TIME the necessary run-time is fitted, and with a potentiometer COMP the triggering threshold of comparator is set. The run-time is calculated using an NE555 timer in a "monostable" mode. When the first part stops working, immediately its second part (the PWM) starts operation. The PWM operates in the timer's instable mode. By changing the pulse width the electric motor's speed can be adjusted. The third part of the unit is meant for achieving the set tightening torque at lower RPMs. This part is based on the comparator (LM393), which triggers when tightening the screw is started and the power consumption increases; as a result, this opens the output transistor in order the electric screwdriver's motor could ensure the bolts' tightening with the previously set screwdriver's clutch slip torque at a low starting speed (300 min -1 ). Red button START is intended for starting the control unit and, respectively, the electric motor. When the button is pressed, the system is at work; as soon as it is released, the system stops working. The inductive sensor consists of a coil mounted on a U-shape steel core. On the screwdriver's rotary head six equally spaced steel rods are mounted. The sensor is mounted in such a way that the rods rotating together with the screwdriver's rotary head come close to the U-shape core from the top. Thus, when the rod is rotating above the mentioned core an electrical pulse is created which is fed to the computer's sound card input. The pulses collected in each trial are recorded in the "wav" format using the Sony Sound Forge Audio Studio (position 10 in Fig. 1a ) with a sampling frequency of 44.1 kHz and a 16-bit-depth for further processing. The signal from microphone is used to determine more precisely the assembling time (by recording the electric motor's noise and the ratchet actuation moment). The fixed threaded joint's assembling time consists of the rotor head's run-time, the screwing time, the tightening time, and the reaction time up to releasing the start button (in the ratchet mechanism's operating mode). In the working environment of Picoscope 2205 the signal is captured with 2 . 10 6 readouts/s and 8-bit resolution. Using the oscillograph program, the voltage of the Picoscope 2205 second channel is converted into the equivalent current consumed by the screwdriver's electric motor. In the Picoscope 2205 program a graph has been created that displays the electric power (multiplied battery current and voltage). The working environment shown in Fig. 4 provides the average power in the required time interval by multiplying the sampling points (current and voltage) at the respective time points. Thus, the energy consumption required for the bolt's screwing can be determined.
In Fig. 5 , with M6 bolt as example, at each rotational speed the power and the corresponding time detection algorithm are shown (for one of the 20 measurements). For the M8 bolt the power and the respective time detection algorithm are identical.
1. Consumption for bolt M6 at the initially set rotational speed of 300 min -1 : a -run-out power, b -motor power when the set RPM is reached, c -power after the nut's tightening but before the comparator's operation, d -power when the comparator has operated, e -power when the comparator is turned off.
2. Consumption for bolt M6 at the initially set rotational speed of 900 min -1 : a -run-out power, b -motor power when the set RPM is reached, c -power when the nut has been tightened but the start button has not yet been released. After reaching the adjusted tightening torque the ratchet is triggered. During the response time, until the button is released, the energy is consumed for the operation of ratchet mechanism. Multiplying the time values (received from the Sony Sound Forge Audio Studio 10 software) until the ratchet activation (response time) by the resulting power values for a corresponding time in the Picoscope 2205 computer's working environment, the consumable energy E 1 values are obtained. The electricity consumption in the full assembly process E 2 is determined by the PS oscillograph Picoscope 2205. As a result, the consumption difference ΔE in the response time is obtained. Table 1 presents the electric energy saving values (%) obtained from 20 measurements at the initially set RPMs, cutting off the power supply at the first click of the ratchet's mechanism (up to the operator's reaction time). The saved energy is shown for bolts M6 and M6 at corresponding initially set rotational speeds (minimum, maximum and mean) -see respective graphs in Fig. 6 . 
RESULTS
In the automated process of assembling the fixed threaded joints, by interrupting electric power supply at reaching the adjusted tightening torque the consumable energy savings are possible -e.g. by supplementing the screwdriver with a torque transducer for turning the motor off. When the ratchet mechanism starts working, additional energy is consumed for its operation until the electric motor's run button is released. The longer the operator's response time, the more energy is consumed. The diagrams in Fig.6 show that the energy consumption is lower at higher speeds of the rotary head, since the response time decreases. At higher speeds the operator can sooner perceive the ratchet noise, because the time when it starts working is shorter. Respectively, at a low set rotational speed the consumed energy values are much higher, which is connected not only with perceiving the noise of ratchet, but also with the fact that the electric motor is fed from a battery with nominal voltage (at low speeds it is impossible to provide selected tightening torque values at a lower voltage).
CONCLUSIONS
The main conclusion that could be drawn from the results obtained is that for screwdrivers in the mass production where the maximum rotary head's rotational speed is usually used at assembling fixed threaded joints, it is possible to obtain considerable energy savings. According to the experimental results for the bolts M6x40 and M8x40, up to 15.9% and 17.9% energy savings, respectively, could be achieved.
